Mechanosensory hair cells of the zebrafish lateral line regenerate rapidly following 12 damage. These renewed hair cells arise from the proliferation of surrounding support cells, 13 which undergo symmetric division to produce two hair cell daughters. Given the continued 14 regenerative capacity of the lateral line, support cells presumably have the ability to replenish 15 themselves. Utilizing novel transgenic lines, we identified support cell populations with distinct 16 progenitor identities. These populations show differences in their ability to generate new hair 17 cells during homeostasis and regeneration. Targeted ablation of support cells reduced the number 18 of regenerated hair cells. Furthermore, progenitors regenerated after targeted support cell 19 ablation in the absence of hair cell damage. We also determined that distinct support cell 20 populations are independently regulated by Notch signaling. The existence of independent 21 progenitor populations could provide flexibility for the continued generation of new hair cells 22 under a variety of conditions throughout the life of the animal. 23 24 regeneration. Other fate mapping studies show that these support cell populations can replenish 63 each other in the absence of hair cell damage. Finally, we show that Notch signaling 64 differentially regulates these populations. These results demonstrate that there are a number of 65 distinct progenitor populations within lateral line neuromasts that are independently regulated, 66 providing flexibility for hair cell replacement under a variety of circumstances. 67 68 RESULTS 69 Hair Cell Progenitors are Replenished via Proliferation of Other Support Cells 70
INTRODUCTION 25
The regenerative potential of a given tissue is dependent on the availability of progenitor 26 cells that are able to functionally replace lost or damaged cells within that tissue. For instance, 27 bulge cells in the hair follicle can repair the surrounding epidermis (Rompolas and Greco 2014; 28 Hsu, Li, and Fuchs 2014), new intestinal epithelial cells arise from crypt cells (Santos et al. 2018; 29 Yousefi, Li, and Lengner 2017), and horizontal and globose basal cells can regenerate cells in the 30 olfactory epithelium (Choi and Goldstein 2018; Schwob et al. 2017 ). Depletion of these progenitors can severely diminish the regenerative capacity of the tissue, and tissues that lack a 32 progenitor pool altogether are unable to regenerate. To gain further insight into how different 33 tissues regenerate, a greater understanding of the mechanisms that define and regulate progenitor 34 function are needed. 35
The zebrafish lateral line system has long been recognized as an excellent model for 36 studying regeneration. The sensory organ of the lateral line, the neuromast, is comprised of 37 mechanosensory hair cells organized on the surface of the head and body . 38
Lateral line hair cells regenerate rapidly following damage, with the system returning to 39 quiescence after regeneration is complete (Harris et In this study, we have used CRISPR to generate novel transgenic lines in which distinct, 58 spatially segregated populations of support cells are labeled in vivo. Fate mapping studies using 59 these lines show that these populations are functionally distinct with respect to their ability to 60 contribute new hair cells during homeostasis and to generate hair cells after damage. We also 61
show that targeted ablation of one of these populations significantly reduces hair cell support cells in the neuromast, but also suggest that new hair cells arise from a pool of 93 progenitors that are not strictly defined by their proliferation history. 94 95
Different Progenitor Identities Among Distinct Support Cell Populations 96
We next sought to determine whether hair cell progenitors could be defined via gene 97 expression. To this end, we employed CRISPR-mediated transgenesis (Kimura et al. 2014; Ota et 98 al. 2016 ) to target genes that label positionally-defined subsets of support cells in vivo. These 99 efforts were part of a broader insertional screen to be described elsewhere. We targeted the 100 expression of a nuclear-localized form of the protein Eos (nlsEos) to a variety of genetic loci, 101 and identified three genes (sfrp1a, tnfsf10l3, and sost) which have markedly different expression 102 patterns within support cells: sfrp1a is restricted to the most peripheral support cells (Peripheral 103 cells; Fig. 2A ); tnfsf10l3 is more broadly expressed throughout the periphery but is enriched in 104 anteroposterior support cells (AP cells; Fig. 2C ); and sost is limited to the dorsal and ventral 105 support cells (DV cells; Fig. 2E ). We generated stable transgenic lines for all three loci: 106 Tg[sfrp1a:nlsEos] w217 ; Tg[tnfsf10l3:nlsEos] w218 ; and Tg[sost:nlsEos] w215 (hereafter known as 107 sfrp1a:nlsEos, tnfsf10l3:nlsEos, and sost:nlsEos, respectively). Eos is a photoconvertible protein 108 that switches from green to red fluorescence (shown in magenta throughout this paper) after 109 exposure to UV light (Wiedenmann et al. 2004 ). The converted protein is stable for months. Its 110 nuclear localization presumably protects it from degradative elements in the cytoplasm, allowing 111 for a more permanent label than a standard fluorescent reporter (Cruz et al. 2015; McMenamin et 112 al. 2014 ). We could thus chase this label from support cell to hair cell if these cells serve as hair 113 cell progenitors, as hair cells that derived from these support cells would have converted Eos in 114 their nuclei. To ensure that these genes were not actually expressed in hair cells, we also 115 generated GFP lines for each gene. We did not observe GFP labeling in hair cells in stable lines 116
We first examined how these different support cell populations contributed to hair cell 118 development and turnover under homeostatic conditions. All three nlsEos lines were crossed to a 119 hair cell-specific transgenic line (Tg[Brn3c:GAP43-GFP] s356t (Xiao et al. 2005 ), hereafter known 120 as brn3c:GFP) in order to distinguish hair cell nuclei. Eos in support cells was photoconverted at 121 5 dpf and larvae were fixed and immunostained for GFP either immediately or at 8 dpf. At 5 dpf, 122 number remained the same by 8 dpf (Fig. 2B ; p = 0.7047). Eos from the AP cell transgene 124 labeled about 6% of hair cells at both 5 and 8 dpf ( Fig. 2D ; p = 0.9668). Since there is no change 125 over the three-day span, neither of these populations are responsible for generating new hair cells 126 under homeostatic conditions. In contrast, the amount of hair cells labeled with photoconverted 127
Eos from the DV cell transgene increased from 39% to 56% over that three-day span ( Fig. 2F ; p 128 < 0.0001). Thus, the DV cell population seems to be predominantly involved in ongoing hair cell 129 generation during homeostasis. 130
We next used these transgenic lines to determine whether there was any functional 131 difference between these support cell subpopulations regarding their ability to serve as hair cell 132 progenitors during regeneration. Each of the nlsEos lines were once again crossed to brn3c:GFP 133 fish in order to distinguish hair cell nuclei. Eos in support cells was photoconverted at 5 dpf, and 134 larvae were subjected to neomycin-induced hair cell ablation and then fixed and immunostained 135 for GFP at 72 hpt ( 
Selective Ablation of DV Cells Reduces Hair Cell Regeneration 174
Since the DV cell population generates roughly 60% of regenerated hair cells, we sought 175 to determine whether these cells were required for hair cell regeneration. To this end, we 176 generated a transgenic line in which an enhanced-potency nitroreductase (epNTR; Tabor et al., 177 2014) fused to GFP was introduced into the sost locus using CRISPR (Tg[sost:epNTR-GFP] w216 , 178 hereafter known as sost:NTR-GFP). Nitroreductase is a bacterial enzyme that selectively binds 179 its prodrug Metronidazole (Mtz), converting Mtz into toxic metabolites that kill the cells 180 expressing it (Curado et al. 2007 ). We then compared the extent of sost:NTR-GFP expression in 181 DV cells, as defined by the sost:nlsEos transgene. At 3 dpf, soon after the initiation of transgene 182 expression, we see considerable overlap between NTR-GFP and nlsEos. All NTR-GFP+ cells 183 were also positive for nlsEos, while an additional subset of cells expressed nlsEos alone. When population did not change, whereas the number of cells expressing nlsEos alone increased 186 significantly, occupying a more central location ( Fig. 5A observations are consistent with the idea that both transgenes initiate expression at the same 190 time, but that nlsEos protein is retained longer than NTR-GFP protein as cells mature and as a 191 result, NTR-GFP is expressed in a subset of DV cells. We next tested to the efficacy of DV cell 192 ablation at 3 and 5 dpf. Treatment of these fish with 10 mM Mtz for 8 hours was sufficient to 193 ablate the majority of NTR-GFP cells. Treating fish with Mtz for 8 hours at 5 dpf (Mtz5) slightly 194 but significantly decreased the number of support cells solely expressing nlsEos by about 13%. 195
Treating fish with Mtz for 8 hours at 3 dpf, followed by a second 8-hour Mtz treatment at 5 dpf 196 (Mtz3/5) decreased the number of solely nlsEos-positive cells even further, by about 40% (Fig.  197 5D-G; Mock: 11.18 ± 2.04; Mtz5: 9.72 ± 2.03; Mtz3/5: 6.76 ± 2.12; p = 0.0288 [Mock vs. 198 Mtz5], p < 0.0001 [Mock vs. Mtz3/5, Mtz5 vs. Mtz3/5]). 199
We next tested the impact of DV cell ablation on hair cell regeneration. We compared 200 two groups: neomycin exposure followed by Mtz treatment at 5 dpf (Neo/Mtz5), compared to 201 Mtz treatment at 3 dpf, then neomycin treatment at 5 dpf followed by a second Mtz treatment 202 (Mtz3/Neo/Mtz5; Fig. 6A ). For both groups, nlsEos was photoconverted at 5 dpf, just prior to 203 neomycin treatment, and larvae were fixed at 72 hpt and immunostained for GFP and 204
Parvalbumin (to label NTR-GFP+ cells and hair cells, respectively). The Neo/Mtz5 treatment 205 resulted in a small but significant reduction in both hair cells and nlsEos-positive hair cells per 206 neuromast relative to normal regeneration ( Fig 40.43 ± 19.44 [Mtz3/Neo/Mtz5]; p = 0.0002). Thus, the AP population's progenitor function 250 remains unchanged following DV ablation, providing further support that it is a separate 251 progenitor population from the DV population. 252
253

The DV Population Regenerates from Other Support Cell Subpopulations 254
When examining hair cell regeneration following DV cell ablation, we consistently 255 noticed that there was an increase in NTR-GFP+ cells at 72 hpt. This led us to hypothesize that 256 DV cells were capable of regeneration even in the absence of hair cell damage. To test this, we 257 first administered a 48-hour pulse of EdU (changing into fresh EdU solution after the first 24 258 hours) immediately following Mtz ablation at 5 dpf and fixed immediately after EdU washout. 259
At 48 hours post ablation, we observed slightly more than half the number of the NTR-GFP+ 260 cells relative to unablated larvae ( Fig. 10C ; 8.94 ± 1.62 [Mock] vs. 5.34 ± 2.14 [Mtz] ; p < 261 0.0001). However, 58% of NTR-GFP+ cells were EdU-positive in fish treated with Mtz, 262 compared to just 15% in unablated larvae ( Fig. 10A To determine the source of new DV cells, we crossed sost:NTR-GFP fish to our three 265 different nlsEos lines. Double-transgenic fish were photoconverted at 5 dpf, Mtz-ablated, and 266 then fixed at 72 hpt and immunostained for GFP. Following ablation, 56% of NTR-GFP+ cells 267 expressed photoconverted nlsEos when DV cells were labeled, compared to 97% in unablated 268 controls ( Fig. 11A The data shown above indicate that there are at least three spatially and functionally 278 distinct progenitor populations within the neuromast: (1) a highly regenerative, dorsoventral 279 (DV) population, marked by sost:nlsEos, which generates the majority of regenerated hair cells; 280
(2) an anteroposterior (AP) population, marked by tnfsf10l3:nlsEos, which also contributes to 281 hair cell regeneration albeit to a far lesser extent than sost; and (3) a peripheral population 282 (Peripheral), marked by sfrp1a:nlsEos, that does not contain hair cell progenitors (Fig. 12 ). This 283 model of high regenerative capacity in the dorsoventral region and low regenerative capacity in 284 the anteroposterior region is consistent with the label-retaining studies performed by Cruz et al., 285 (2015) as well as the BrdU-localization studies of Romero-Carvajal et al., (2015) . However, an 286 examination of the overlap in expression between sost:nlsEos and sost:NTR-GFP reveals 287 distinctions even amongst this DV progenitor population. We hypothesize that cells that express 288 only nlsEos have matured from those that express both NTR-GFP and nlsEos. We posit that 289 these more mature nlsEos cells serve as hair cell progenitors. Consistent with this idea, Mtz 290 treatment at 5 dpf that spares nlsEos cells not expressing NTR-GFP has only a small effect on 291 hair cell regeneration while Mtz treatment at both 3 and 5 dpf results in substantial reduction in 292 hair cell regeneration. 293
While we have identified distinct hair cell progenitor populations (DV and AP), these 294 populations do not account for all of the hair cell progenitors in the neuromast. The combination 295 of these cells generated 88% of new hair cells, meaning that the remaining 12% were derived 296 from other sources. Furthermore, the AP population only accounted for 40% of new hair cells 297 generated after neomycin treatment following DV cell ablation. Thus, there must be some other 298 population (or populations) of support cells that are serving as hair cell progenitors that we have 299 not labeled with our transgenic techniques. The best candidates for this role are centrally located 300 support cells found ventral to hair cells, although the identity of these cells remains to be 301 Both studies suggested that mantle cells are capable of regenerating other cell types in the 372 neuromast following extreme damage. However, the latter study found that mantle cells could 373 only generate other mantle cells. Whether the Peripheral cell population in particular is capable 374 of doing the same remains to be tested. Mantle cells have also been shown to proliferate 375 following tail amputation, forming a migratory placode that forms new neuromasts along the 376 regenerated tail (Jones and Corwin 1993; Dufourcq et al. 2006) . Given the differences across 377 studies, we have hesitated to designate the sfrp1a:nlsEos labeled cells as mantle cells and have 378 instead adopted the "Peripheral" label. Since Peripheral cells can generate hair cell progenitors, 379
we have characterized them as "upstream progenitors" (Fig. 12) . 380
The zebrafish lateral line system continues to grow through larval and adult stages 381 respectively. However, we cannot make the claim that the Peripheral population is a resident 400 stem cell population (like bulge cells, crypt cells, and HBCs), as we do not yet know if it is 401 capable of self-renewal or of generating every cell type within the neuromast. 402 403
Notch Signaling Differentially Regulates Support Cell Populations 404
Inhibition of Notch signaling during hair cell regeneration significantly increased the 405 number of hair cells derived from both DV and AP cells, which was not unexpected given that 406 both are hair cell progenitor populations. However, Notch inhibition had a greater impact on the 407 AP population than on the DV population, suggesting that it may be more strongly regulated by 408 The myo6b:mKate2 construct was generated via the Gateway Tol2 system (Invitrogen). A pME-449 mKate2 (the mKate2 sequence being cloned from pMTB-Multibow-mfR, Addgene #60991) 450 construct was generated via BP Recombination, and then a pDEST-myo6b:mKate2 construct 451 was generated via LR recombination of p5E-myo6b, pME-mKate2, p3E-pA, and pDEST-iTol2-452 pA2 vectors. The mbait-GFP construct was a gift from Shin-Ichi Higashijima's lab. The mbait-453 nlsEos construct was also generated via Gateway LR recombination of p5E-mbait/HSP70l, pME-454 nlsEos, p3E-pA, and pDEST-iTol2-pA2 vectors. The mbait-epNTR-GFP construct was 455 generated via Gibson assembly, inserting the coding sequence of epNTR (cloned from pCS2-456 epNTR obtained from Harold Burgess' lab) plus a small linker sequence in front of the GFP in 457 the original pBSK mbait-GFP vector. All plasmids were maxi prepped (Qiagen) prior to 458 injection. Larvae were screened for expression at 3 dpf and transgenic F0 larvae were grown to adulthood. 479 F0 adults were outcrossed to wildtype fish, transgenic offspring were once again grown to 480 adulthood, and the resulting adults were used to maintain a stable line. 481
482
CRISPR-mediated Transgenesis 483
All support cell transgenic lines were generated via CRISPR-mediated transgenesis. For most 484 injections, a 5 µL injection mix was made consisting of 200 ng/µL gene-specific gRNA, 200 485 ng/µL mbait gRNA, 800 ng/µL Cas9 protein (PNA Bio #CP02), 20 ng/µL mbait-reporter 486 plasmid, and 0.24% phenol red. The gRNAs and Cas9 protein were mixed together first, then 487 heated at 37°C for 10 minutes, after which the other components were added. In the case of sost, 488 in which two gRNAs were co-injected, each gRNA was added to the mix at a final concentration 489 of 100 ng/µL (so 200 ng/µL of total guide-specific gRNA). When reconstituting the Cas9 490 protein, DTT was added to a final concentration of 1 mM DTT. This is highly recommended to 491 reduce needle clogging during the injection process!! 1-2 nL of these injection mixes were 492 injected into single cell wildtype embryos. Larvae were screened for expression at 3 dpf and 493 transgenic F0 larvae were grown to adulthood. F0 adults were outcrossed to wildtype fish, transgenic offspring were once again grown to adulthood, and the resulting adults were used to 495 maintain a stable line. 496
497
Photoconversion 498
In order to photoconvert multiple nlsEos fish at once, larvae were transferred to a 60 x 15mm 499 petri dish and placed in a freezer box lined with aluminum foil. Then, an iLumen 8 UV flashlight 500 (procured from Amazon) was placed over the dish and turned on for 15 minutes. Following the 501 UV pulse, larvae were returned to standard petri dishes to await experimentation. 502 503
Drug Treatments 504
For all drug treatments, zebrafish larvae were placed in baskets in 6 well plates to facilitate 505 transfer of larvae between media. Larvae were treated at 5 dpf unless otherwise noted. All wells 506 contained 10 mL of drug, E3 embryo medium with the same effective % DMSO as the drug (for 507 mock treatments), or plain E3 embryo medium for washout. Following treatment, the fish were 508 washed twice into fresh E3 embryo medium by moving the baskets into adjacent wells in the 509 row, then washed a third time by transferring them into a 100 mm petri dish with fresh E3 510 medium. All drugs were diluted in E3 embryo medium. The drug treatment paradigms were as 511 follows: for hair cell ablation, 400 µM neomycin (Sigma) for 30 minutes; for sost:NTR ablation, 512 10 mM metronidazole (Mtz; Sigma) with 1% DMSO; for Notch inhibition, 50 µM LY411575 513 (LY; Sigma) for 24 hours; for the sost ablation/Notch inhibition experiment ( Fig. 10) : 10mM 514
Mtz/50 µM LY for 8 hours, then 50 µM LY for 16 hours. 515 516 For double hair cell ablation studies, larvae that were treated with neomycin were raised on a 517 nursery in the UW fish facility beginning at 7 dpf and then treated with 400 µM neomycin again 518 at 15 dpf in standard petri dishes (10 days following the first neomycin treatment). These 519 juvenile fish were washed into fresh system water multiple times before being returned to the 520 nursery and were then fixed three days later (18 dpf). 521 522
EdU and BrdU Treatments 523
Following hair cell ablation with neomycin, larvae were incubated in 500 µM F-ara-EdU (Sigma 524 same concentration of EdU for 48 hours. Larvae were placed into fresh EdU after the first 24 526 hours. F-ara-EdU was originally reconstituted in 50% H2O and 50% DMSO to 50 mM, so the 527 working concentration of DMSO of 500 µM was 0.5%. In the case of the double ablation studies, 528 juvenile fish were incubated in 10mM BrdU (Sigma) with 1% DMSO in system water (used in 529 the UW fish facility) following the second neomycin treatment for 24 hours. Following 530 treatment, larvae were washed in fresh system water several times. 531
532
Immunohistochemistry 533
Zebrafish larvae were fixed in 4% paraformaldehyde in PBS containing 4% sucrose for either 2 534 hours at room temperature or overnight at 4°C. Larvae were then washed 3 times (20 minutes 535 each) in PBS containing 0.1% Tween20 (PBT), incubated for 30 minutes in distilled water, then 536 incubated in antibody block (5% heat-inactivated goat serum in PBS containing 0.2% Triton, 1% 537 DMSO, 0.02% sodium azide, and 0.2% BSA) for at least one hour at room temperature. Larvae 538 were then incubated in mouse anti-parvalbumin or rabbit anti-GFP (or sometimes both 539 simultaneously) diluted 1:500 in antibody block overnight at 4°C. The next day, larvae were 540 once again washed 3 times (20 minutes each) in PBT, then incubated in a fluorescently-541 conjugated secondary antibody (Invitrogen, Alexa Fluor 488, 568, and/or 647) diluted 1:1000 in 542 antibody block for 4-5 hours at room temperature. From this point onward, larvae were protected 543 from light. Larvae were then rinsed 3 times (10 minutes each) in PBT and then stored in antibody 544 block at 4°C until imaging. For BrdU immunohistochemistry, juvenile fish were rinsed once in 545 1N HCl, then incubated in 1N HCl following washout of Click-iT reaction mix (see below). IHC 546 proceeded as above, except that the antibody block contained 10% goat serum and the fish were 547 incubated in mouse anti-BrdU at a dilution of 1:100. All wash and incubation steps occurred with 548 rocking. 549 550
Click-iT 551
Cells that had incorporated F-ara-EdU were visualized via a Click-iT reaction. In the case of the 552 double hair cell ablation experiment, Click-iT was performed before immunohistochemistry. 553
Following fixation, fish were washed 3 times (10 minutes each) in PBT, then permeabilized in 554 PBS containing 0.5% Triton-X for 30 minutes, then washed another 3 times (10 minutes each) in 555 consisting of 2mM CuSO4, 10 µM Alexa Fluor 555 azide, and 20 mM sodium ascorbate in PBS 557 (made fresh). Fish were protected from light from this point onwards. Afterwards, the standard 558 IHC protocol listed above was performed (beginning with the 3 20-minute washes in PBT). For 559 the sost:NTR regeneration experiment, the Click-iT reaction was performed after IHC. 560
Following incubation in secondary antibody, larvae were washed 3 times (10 minutes each) in 561 PBS, then incubated in 700 µL of the Click-iT reaction mix (again, made immediately prior to 562 incubation) for 1 hour at room temperature. Larvae were then washed 6 times (20 minutes each) 563 in PBT to ensure proper clearing of background labeling and stored in antibody block at 4°C 564 until imaging. 565 566
Confocal Imaging 567
With the exception of imaging requiring a far-red laser ( Fig. 1F-N, Fig. 3C-I, Fig. 5 ), all imaging 568 was performed using an inverted Marianas spinning disk system (Intelligent Imaging 569
Innovations, 3i) with an Evolve 10 MHz EMCCD camera (Photometrics) and a Zeiss C-570
Apochromat 63x/1.2W numerical aperture water objective. All imaging experiments were 571 conducted with fixed larvae ages 5-8 dpf. Fish were placed in a chambered borosilicate 572 coverglass (Lab-Tek) containing 2.5-2.5 mL E3 embryo medium and oriented on their sides with 573 a slice anchor harp (Harvard Instruments). Imaging was performed at ambient temperature, 574 generally 25°C. Fish were positioned on their sides against the cover glass in order to image the 575 first 5 primary neuromasts of the posterior lateral line (P1-P5). All imaging was performed with 576 an intensification of 650, a gain of 3, an exposure time between 25-1500 ms (depending on the 577 brightness of the signal) for 488, 561, and 405 lasers, and a step size of 1 µm. All 3i Slidebook 578 images were exported as .tif files to Fiji. 579
580
In cases when a far-red laser was required, imaging was performed on a Zeiss LSM 880 581 microscope with a Zeiss C-Apochromat 40x/1.2W numerical water objective. Fish were 582 immersed in a solution of 50%glycerol/50% PBS, and then mounted on a plain microscope slide 583 (Richard-Allen) beneath a triple wholemount coverslip. Imaging was performed at ambient 584 temperature, generally 25°C. Fish were positioned on their sides against the cover glass in order 585 to image the first 5 primary neuromasts of the posterior lateral line (P1-P5). For the double hair 586 cell ablation experiment, following fixation the tails of fish were cut off and mounted underneath a single wholemount coverslip. The 3 neuromasts of the terminal cluster were imaged per tail. 588
All imaging was performed at 4-5x digital zoom with master gain between 500-800 for 488, 561, 589 and 647 lasers, and a step size of 1 µm. All images were captured through the Zen Black 590 software and opened in Fiji as .czi files. 591 592
Statistical Analysis 593
All statistical analyses were done with GraphPad Prism 6.0. The Mann Whitney U test was used 594 for comparisons between 2 groups, whereas the Kruskal-Wallis test, with a Dunn's post-test, was 595 used for comparisons between 3 or more groups. Statistical significance was set at p = 0.05. 596
597
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